ABSTRACT. Site-specific ite-specific, or variable-rate, irrigation research has been conducted since the early to mid-1990s. This research has focused on the delivery of prescribed quantities of water to specific locations or areas within a field. The reasoning for spatial water application was based on spatial variability in topography, soil type, soil water availability, landscape features, cropping systems, and more recently for water conservation. For example, in the Pacific Northwest, water application to rocked outcrops is discouraged. Likewise, applications to adjacent roads and water bodies not only produce potentially liable situations, but also wastes energy and could degrade the water bodies. In areas with rolling terrain, water applications upslope can produce runoff and result in ponding at lower elevations under the same irrigation system. In the southeastern Coastal Plain, the soils often exhibit greater variability within comparable field
sizes than do soils in other regions. Additionally, the soils in this region are usually coarse-textured sandy soils with low water-holding capacities, and in many areas these soils will have compacted layers restricting root growth to shallow depths (Camp et al., 1998) . The combination of highly variable soils with low water holding capacity along with highly variable rainfall creates a complex management scheme to optimize production and water usage. From over 11 years of spatial observations of crop growth, especially during periods of plant water stress, it was determined that water relations were the major factor contributing to yield variability for soils in the southeastern Coastal Plain (Karlen et al., 1990; Sadler et al., 1995a Sadler et al., , 1995b Sadler et al., , 2000a Sadler et al., , 2000b . To address these concerns about water relations on the highly variable soils, a site-specific center pivot irrigation machine was developed in 1995 at the ARS Coastal Plains Soil, Water, and Plant Research Center (Florence, S.C.).
The system consisted of a modified commercial threetower 140-m center pivot irrigation system with additional manifolds and control devices to apply water on approximately 100-m 2 control areas. The control areas were 9.1 × 9.1 m. Additional details on the system design and construction are included in the methods. The site-specific irrigation system has been used on various crops including corn, soybean, and wheat. Details on the cropping systems and results for spatial water applications were presented by Camp and Sadler (2002) .
The site-specific irrigation system has been in operation since 1995. At its initial installation and during the design of the system, preliminary measurements of nozzle wetting pattern and manifold wetting patterns were made (Omary et al., 1997) . The system uses industrial spray nozzles to reduce overspray from the small control areas. The spray nozzles S have graduated orifice sizes to achieve very low flows at the inner pivot segments and much higher flow rates at the outer pivot segments, which are needed to achieve the same application depth throughout. Camp et al. (1998) measured the water depth distribution along the radius and tangentially for one 10-m segment to determine the appropriate control zone within the segment. Since this initial testing, no further testing of the water distribution along the pivot has been performed. Since the precise application of water is essential to interpreting the cropping data from the site-specific irrigation system, it is imperative that a thorough and detailed analysis of the water flow rates from the system be performed. We conducted this test to determine if the actual applications were within design specifications. Additionally, verification of design water flow rates would be valuable if other researchers proposed development of a similar system.
The objectives of this article were 1) to exhaustively test the water delivery system from the site-specific irrigation system segments and 2) to determine the potential impact of system water delivery on previously interpreted data.
METHODS
A center pivot system was modified to perform variable rate water applications to 9.1-× 9.1-m areas (Omary et al., 1997; Camp et al., 1998) . The center pivot was divided into 13 segments, each 9.1 m in length ( fig. 1 ). These segments create rings as the pivot turns a full circle. Three pressureregulated manifolds were installed in each segment, each with six nozzles sized (table 1) to deliver 1x, 2x, or 4x of a base application depth at that location along the center pivot length (referred to as flow rate). Combinations of the three manifolds provided variable depths of 0 through 7x of the base rate. The 7x depth was 12.7 mm when the outer tower was run at 50% of full speed. For field experiments, a computer and programmable logic controller (PLC) GE Fanuc, Charlottesville, Va.) controlled the manifolds on the center pivot based on user inputs via a computer program and interface to the pivot controller. A more detailed description of the water delivery system may be found in Omary et al. (1997) and of the control system in Camp et al. (1998) .
TEST EQUIPMENT
Water was diverted from the manifolds into a collection gutter for each manifold (two gutters for the 4x manifold) using lay flat tubing ( fig. 2) . Two gutters were required for the 4x manifold to provide enough capacity to handle the flow rates created by the outer pivot segments. The four gutters were used to convey the water through flexible down spouts into 132-L horizontal tanks. The tanks were suspended from load cells to weigh the incoming water. The 1x manifold had a 90-kg capacity load cell Transducer Techniques Inc., Temecula, Calif.) , and the 2x and 4x had 136-kg load cells (Model SB0-300). Pressure was measured at the end of each manifold and in the pivot lateral using 0-to 340-kPa (0-to 50-psig) pressure transducers (Model #206, Setra, Boxborough, Mass.). Water temperature was read using a 24-ga type T thermocouple wire (OMEGA Engineering, Inc., Stamford, Conn.).
All readings (pressure, temperature, weight, and time) were taken on a 1-s interval using a data logger (CR23X , Campbell Scientific, Inc., Logan, Utah). To facilitate testing of the system, the solenoids for each of the three manifolds were rewired to allow control from a four-toggle switch box. The first switch started data collection and supplied power from the Campbell data logger to the other three switches (one for each of the three manifolds). These three switches controlled relays on the individual manifold solenoids.
TEST PROCEDURE
Segments 1 and 2 were not used for experiments; therefore, tests were started on segment 3 and were performed radially outward to segment 13. Data for each segment were collected by running the manifolds in order from 1x to 7x and repeating for a total of three replications. Approximate run times were determined before the test by calculating time for a full tank based on the pivot design specifications.
DATA ANALYSIS
After the tests were concluded, the data were imported into SAS (SAS Institute, Inc., Cary, N.C.) for analysis. Typical data output can be seen in figure 3 with preceding and ending curvilinear portions with a straight line section in between. The straight line portion of the test was used to determine application rates at steady rate conditions after pressure had equalized and valves were fully opened.
The steady rate condition was determined using an algorithm to find where the slope of volume versus time became constant. The slope at a given time increment was calculated using the 15 data points (1-s interval) before and after the time in question. When the difference between calculated slopes was less than 0.09 kg/s (because of the noise in the load cells, we chose a small value as our minimum detectible difference), the start of the steady rate flow portion of the test was identified. The end of the run was determined from the switch closure by the Campbell datalogger when the solenoids were switched off.
The slopes of the linear steady-rate sections were calculated with linear regression using the SAS Proc Reg. The SAS system was also used to calculate data means and to calculate t-test results for the flow and pressure data. Additionally, we calculated the application depths using the speed (1.92 m/min at the outer tower) assumed for 50% travel by the design documents. The speed at a given segment was determined by the ratio of distance from the center of the pivot to the center of the segment in question divided by the distance from the pivot center to the outer tower. The application volume was then divided by the application area covered to calculate the application depth.
RESULTS
The water flow rates from the site-specific irrigation system were overall very similar to the design criteria (table 2) for most segment/flow rate combinations. The differences between design and measured flows show that 7 of the 77 total tested segment/flow rate combinations had measured flows that were greater than 10% different from the design flows (table 3) . For a more rigorous comparison, 28 of the 77 total tested segment/flow rate combinations had measured flows greater than 5% different from the design flows. These differences ranged from 24% under application for segment 3/1x flow rate to 19% over application at segment 6/4x flow rate.
We considered two potential causes of the deviations from design flow rate, orifice clogging, and pressure variations from design. The under application at the inner segments appeared to be caused by partial clogging of the small 1x nozzles. This can occur over time with accumulation of deposits in the water delivery system. Field observations and experience with the irrigation system recognized this as a potential problem for the inner segments with the low flow rate manifolds. Additionally, the flow rates from the nozzles can be influenced by the operating pressures from the individual manifolds. Table 4 shows that the pressures for the manifolds were mostly within 10% of design pressures. Most of the manifolds with higher pressure differences, located on the 4x manifold and on the outer segments, did not appear to have an influence on the flow rates. 
SINGLE MANIFOLD TESTS
For most of the manifolds, the measured flow was similar to the design values. To determine if the measured flows were significantly different from the design values, we subtracted the measured flow from the design flow. A positive value then indicated an under water application and a negative value indicated an over application of water. Theses differences were then compared to zero using a t-test. For the 1x manifold, we found six segments were significantly different (P ≤ 0.05) from the design values (table 5) . Most of the 1x manifolds under applied water. This corresponded to field operational experience in which we found more plugging with the 1x manifold particularly with the lower flows on the inner pivot segments. For the 2x manifold, we found five segments were significantly different from the design flows. The segments closer to the pivot point with lower rates accounted for most of the segments with significant differences. For the 4x manifold, 5 of the 11 tested segments were significantly difference from design flows. Four of the five segments significantly different than design flow rates were in the inner portion of the pivot with only segment 11 significantly different for the outer segments. These results indicate that using the lower flow rate nozzles would require frequent monitoring and maintenance to keep them operating efficiently.
MULTIPLE MANIFOLD TESTS
Using manifolds in combinations to obtain the other flow combinations for the pivot (3x, 5x-7x) had similar results with most significantly different flows in the inner portion of the pivot. The combination of using more than one manifold often produced a compensating effect on the additive flows. This compensating effect occurred when one manifold over-applied and another manifold under-applied. The compensating effect was more pronounced in the higher-flow outer segments (8-13) with only 9 of the 24 segment/flow combinations having significant differences from the 
APPLICATION DEPTHS
The water flows measured during the flow test were integrated with the data from the individual segments to calculate the water application depths under each pivot segment (figs. 4-7). The target water application depth of the pivot was to apply 12.45 mm when the pivot was traveling at 50% of full speed. The individual manifolds would deliver 1.78, 3.56, and 7.11 mm for the 1x, 2x, and 4x manifolds, respectively. The 1x manifold application depths ( fig. 4) show that most of the nozzles used for the pivot applied less water than the design depth of 1.78 mm. The actual application depths measured were within approximately 0.25 mm from the design depths and were mostly below the nozzle specification depths. The 2x manifold application depths ( fig. 5 ) for both the nozzle design depths and measured application depths were also within approximately 0.25 mm the design application depths. The 4x application depths ( fig. 6 ) were within 0.5 mm for all but two of the pivot segments. Those 4x manifolds for the two segments were earlier identified as applying more water than they were originally designed to apply. These two manifolds had pressures that were within 6% of the designed pressures. The combination of all three manifolds for the 7x flow ( fig. 7) 1x Manifold shows that their combined application rates were within approximately 0.5 mm of the design application depth for the pivot. Again, the manifolds for segments 5 and 6 were about 2 mm higher than the design value. These data indicate that the pivot was performing fairly close to design tolerances. Based on the data presented on the flow distribution collected from the site-specific irrigation system, the impact of water application on the previously reported results would be very minimal. The previous research was conducted on segments 8-13 due to on-the-ground plot layouts. The results shown in figure 7 indicate that the application depths were very similar to the design depths and nozzle specifications.
CONCLUSION
The site-specific center pivot irrigation system was evaluated to quantify its water delivery characteristics. The system was designed to apply approximately 12.5 mm of water when operated at 50% travel velocity. We found that of the 77 tested combinations of manifolds and pivot segments, 7 had flow rates greater than 10% different from the design flow rates. The 1x manifold had 6 of 11 tested segments significantly different from designed flows using a t-test. The 2x and 4x manifolds each had 5 of 11 tested segments significantly different from design flows. When the manifolds were used in combinations, they compensated for each other to apply water more closely to the designed application rates and depths. These results indicate that system maintenance and frequent monitoring are essential to precise water delivery. The results from this study suggest minimal impacts on the previously interpreted data.
